With the development of circulating fluidized beds (CFB) and dense upflow bubbling fluidized beds (UBFB) as chemical reactors, or in the capture and storage of solar or waste heat, the associated downcomer has been proposed as an additional heat transfer system. Whereas fundamental and applied research towards hydrodynamics has been carried out, few results have been reported on heat transfer in downcomers, even though it is an important element in their design and application. The wall-to-suspension heat transfer coefficient (HTC) was measured in the downcomer. The HTC increases linearly with the solids flux, till values of about 150 kg/m 2 s. The increasing HTC with increasing solid circulation rate is reflected through a faster surface renewal by the downflow of the particle-gas suspension at the wall. The model predictions and experimental data are in very fair agreement, and the model expression can predict the influence of the dominant parameters of heat transfer geometry, solids circulation flow, and particle characteristics.
Introduction
The Downcomer within Gas/Solid Systems. Circulating fluidized bed (CFB) and bubbling fluidized bed (BFB) technologies have been widely accepted, especially for various gas-solid reactions [1] [2] [3] [4] . CFB and dense upflow bubbling fluidized beds (UBFB) are presented as potential technologies for solar heat capture [5, 6] . The CFB and UBFB have been studied in detail, especially towards the wall-to-bed heat transfer and for the proper hydrodynamic design of the systems. Previous research results, mostly for CFB, and comprehensive reviews on this subject [7] [8] [9] [10] [11] have been recently confirmed and complemented by the present coauthors [12] [13] [14] [15] . Specific heat transfer applications of UBFB to solar energy capture have been discussed by, for example, Flamant et al. [5] . With the development of the CFB and UBFB, the associated recycling downcomer has been proposed as an alternative or/and additional heat transfer system. While fundamental and applied research has been carried out [16, 17] , few results have been reported on heat transfer in downcomers, even though it is an important element in their design and application.
Compared to the moving bed and downcomer concepts, introducing relative particle movement, such as in BFB, UBFB, or CFB, improves the heat transfer and gas/solid mixing, but abrasion, erosion, and particle elutriation increase with increased gas velocity. BFB and UBFB, operating with A-type powders at low velocity, provide an excellent balance between high heat transfer rates and particle stability. CFB systems offer the advantage of operating at high solid circulation fluxes (≫500 kg/m 2 s) thus being capable of conveying a significant amount of sensible heat, however at a somewhat lower heat transfer coefficient than in BFB and UBFB, and at a higher risk of abrasion and attrition. The application of a higher will however necessitate appropriate dedusting equipment and heat recovery on the exhaust gas to limit heat losses. The BFB, CFB, and moving bed concepts can however be applied in the thermal block of a solar energy plant. The hot storage in a powder circulation loop will generally be (1) Riser with wall-mounted heat exchanger (1A) and/or in-bed heat exchanger (1B, less common); (2) cyclone; (3) storage hopper, possibly with in-bed encapsulated PCM (3A); (4) downcomer, with wall-mounted heat recovery; (5) secondary fluidized bed, with embedded heat exchanger; (6) exhaust to further heat recovery and dedusting; (A) application for gas-solid reaction, for example, combustion (1A, 4, and 5), (B) application for solar energy capture and storage and steam generation (1 (without 1A), 3/3A, 4, and 5), and application for gas-catalytic reaction with in-bed heat transfer (1B, 4).
of the moving bed type [18, 19] . The downcomer section can be used for partial heat recovery. The excellent heat transfer characteristics of powder beds moreover facilitate the integration of encapsulated phase change materials (E-PCM), as temporary heat storage medium [13, 20] . In solar energy applications, the loop is generally composed of a CFB or UBFB heat receiver, a hot storage silo fed from the discharge of the receiver, a downcomer with wallmounted heat exchanger, and finally feeding a fluid bed heat exchanger (FBHE), where the particles transmit their energy to submerged tubes inside whom a working fluid (e.g., steam) is generated and further expanded in a turbine: the FBHE is a common device in the electrical power industry (mostly implemented for coal and biomass combustion in fluidized beds). A tentative layout is given in Figure 1 for different applications to reaction engineering or solar energy capture, storage, and reuse.
An additional use of the downcomer for heat transfer is illustrated by Van de Velden et al. [21, 22] and Brems et al. [23] for the pyrolysis of biomass and solid plastic waste, respectively: the inert gas carrier (sand) is preheated to the temperature required to pyrolysis and for feed stock preheating.
The Operation of the Downcomer. In the downcomer, both entrained gas and solids mostly flow in the same direction as gravity. If the solids downward flux is limited, upward flow of the gas has been reported and is also demonstrated in Figure 2 , where is upwards till exceeds ∼130 kg/m 2 s. Compared to the riser, radial distributions of solids concentration and particle velocity are much more uniform, resulting in a more uniform gas-solids flow structure [16, 17, 24] . The heat transfer behaviour in the downcomer is therefore expected to be different from that in the riser, although some of the influencing factors may be the same in both the downcomer and the riser.
In the downcomer, there are two hydrodynamic flow sections along the axial direction: the acceleration section below the feeding point of the downcomer and the constant velocity section, as illustrated by Zhu et al. [16] : in the acceleration zone, solids are accelerated by both the gas flow and the gravity until the solids velocity is equal to the gas velocity. The pressure drop is negative in this section. Particles are further accelerated by gravity but resisted by the gas flow. Particle velocity then overtakes the gas velocity and increases further until the gas drag force (in the upward direction) counterbalances the gravitational force. In this section, the pressure drop is positive and gradually increases. When the gravitational force is in balance with the drag, both particle and gas velocities remain constant. The pressure drop also becomes constant. This section is the constant velocity section. The axial solids holdup and heat transfer variations also follow the two-section pattern. The average suspension density decreases along the bed depth and so does the heat transfer coefficient: both profiles of heat transfer and solids holdup decrease sharply in the first acceleration section, and then the trend becomes smooth further down the bed. In the constant velocity section, the heat transfer coefficient and solids holdup become almost constant.
The existence of both zones is illustrated when calculating the air velocity in the downcomer. The Ergun equation [25] , modified as below, enables us to calculate the velocity of the air in the downcomer:
where
If, for a given Δ DC , is negative, upflow of gas through the downcomer occurs. A typical calculated profile is given in Figure 2 .
Relevant literature findings concerning the hydrodynamics and heat transfer in downcomers are summarized in Table 1 . Within the cited literature both embedded and wallmounted heat transfers have been investigated.
Objectives of the Research. In the present study, experimental data of heat transfer for sand and limestone particles is obtained from a cocurrent downflow bed. Since results on the HTC from the riser wall to the upward flowing suspension in the same rig were previously published [13, 15] , the study only assesses the heat transfer from the wall of the downcomer to the downflowing suspension for 4 B-type powders of equal density. The HTC will be measured in the region of constant downward flux, that is, between 1.2 and 1.4 m below the downcomer feeding point. Analysis of the HTC will demonstrate a significant effect of the solids circulation rate and a less pronounced effect of the particle size. Finally, a surface renewal model will be used to predict the HTC, whilst predictions and experimental data will be compared.
Experimental Setup and Procedure: Wall-to-Bed Heat Transfer
The riser and downcomer are depicted in Figure 3 . The riser consists of 50 mm ID pipe approximately 2.5 m high. Solids circulation was achieved via 100 mm ID downcomer and 50 mm ID -valve. Air is supplied to the riser through a distributor plate and leaves the system through a cyclone after the riser's exit. Pressure taps are located along the height of the riser and downcomer and connected to a data acquisition system. Flow rates and pressure drops were monitored. A concentric wall cooler of 10 cm length was installed in the riser at 1.2 m above the reentry point of the -valve, hence within the fully developed riser flow made. The downcomer was heated through a 0.2 m long concentric exchange surface, 1.2 m below its feeding point from the cyclone, hence in the contact solid velocity section. Heat supply was by hot water or thermal fluid (Santotherm 350). The wall surface temperature was measured using a resistance thermocouple welded onto the wall. Additional Thermocoax thermocouples (0.1 mm OD) were installed at various locations in the riser and downcomer, as well as in the feeding and overflow lines of the fluid, as indicated in Figure 3 . The heat input was set at such a value that the bed temperature ranged from 30 to 40 ∘ C, for wall temperature in excess of 80 ∘ C. Pressure probes were located at different heights in the rig, as illustrated in Figure 3 .
The experiments consisted of starting the gas flow to the riser, followed by the flow of the fluidizing gas to the solids -valve feeder. The flow rates of gas and solids were then set to the desired values, the heat input into the system was fixed, and the system was allowed to stabilize over a period of about 30 minutes, during which flow rate, temperatures, and pressures were monitored and recorded. The downcomer of a CFB pyrolysis reaction of solid (wall-to-bed) plastic waste can be used to supply the endothermic heat of pyrolysis by heating the sand carrier to appropriate temperatures Baumann et al., 2012 and 2014 [26, 27] The effect of powder properties on their use as heat transfer media in a moving bed heat exchanger (with embedded tubes) was investigated in view of concentrated solar power applications Baird et al., 2008 [28] Empirical and model fittings of experimental data from the wall to a moving bed of nickel pellets were investigated Zhang et al., 1999 [29] Characterization of local and overall gas-solid flow structure by measuring the distribution of local solids holdups and pressure gradients along the downcomer Zhang and Zhu, 2000 [30] Local solids fluxes were also calculated from the local particle velocities and solids holdups
Ball and Zhu, 2001 [31] The effect of gas velocity, solids circulation rate, and axial and radial positions on the local solids flux in a gas-solids downcomer of a fluidized bed Local heat transfer was investigated in a gas-solid concurrent downflow downcomer of a fluidized bed with FCC particles. HTC is closely related to the hydrodynamics, with bed suspension density being the most influential factor
Tamarin and Gorbachev, 1968 [36] Heat transfer coefficient between a bed of moving slag particles and a vertical surface was experimentally determined in several gas atmospheres Kim et al., 1999 [37] Bed-to-wall heat transfer coefficient was determined in a downcomer reactor and results showed suspension density, gas convection, and particle size as influential factors. A model was proposed to predict the bed-to-wall HTC Lehner and Wirth, 1999 [38] The effect on the local and overall solids circulation in a downcomer was studied for various gas/solids distributors Obuskovic, 1988 [39] HTC was measured for a single vertical tube immersed in a moving packed bed of glass beads, sand, or copper in air at atmospheric pressure in order to obtain a general predictive equation
Peters and Dziugys, 2012 [40] Heat transfer prediction in a fixed and moving packed bed by extended discrete element method Basu et al., 2013 [41] Investigation of heat transfer to cross and vertical tubes in a standpipe of a circulating fluidized bed boiler. A model provides a fair agreement with experimental results
Niegsch et al., 1994 [42]
The heat transfer of a steam heated tube bundle in a moving bed was investigated. Detailed heat transfer phenomena were described and a modelling approach was proposed
Meier et al., 2009 [43]
An alternative solution to heat and mass transfer problems was presented, by casting the system of equations into a matrix of the Sturm-Liouville type
The axial pressure profile was recorded during each experiment in order to make sure that the suspension entering the heated section was in fully developed flow conditions, hence with a constant Δ throughout the experimental measurement.
From the known exposed surface area, ex , and measured temperature difference, Δ , the heat transfer coefficient was calculated for the given heat input as
Average values were determined from triplicate repeats, with maximum deviations of + or −4%.
Air was used to convey sieved rounded sand, ranging in of Wu and Baeyens [44] : predicted and experimental values deviated by maximum ±8%.
The absolute particle density ( ) was taken from the suppliers' data. The loosely packed bed density at minimum fluidization ( ) was measured to determine bed voidage ( mf ), given by
The solids mass flow rate down the downcomer was determined from weighing the short-sequence discharge of the -valve at point 12 of Figure 3 and compared with the predicted discharge rates by various literature correlations, as further discussed in Section 3.
1. An alternative determination of DC could have been to measure the increasing bed height in the downcomer after stopping the -valve flow. [45] reviewed the literature findings on the maximum discharge rates of gravity-flow from a downcomer (as in the solar heat recovery or biomass pyrolysis, Figure 1 ) or the hopper apex to discharge powder from the hot or cold storage ( Figures  1 and 2 ). The experimentally determined discharge rate from the downcomer outlet was compared with empirical correlations from Rausch, Beverlo, Carleton, and SmoldersBaeyens, as reviewed by Smolders and Baeyens [46] . Results are illustrated in Figure 4 . Within the rather narrow particle size range investigated, the Rausch and Smolders-Baeyens predictions slightly underestimate and overestimate the experimental findings, respectively. The Carleton and Beverlo predictions are less appropriate. Since the Smolders-Baeyens [46] equation predicts a strong dependency of DC with the downcomer diameter ( DC ∼ 2.7 ), larger diameter downcomers will be subject to a considerably higher discharge flux than that shown in Figure 4. 
Results and Discussion

Discharge of the Downcomer. Smolders and Baeyens
Wall-to-Bed Heat Transfer Coefficients (HTC).
The measured HTC appears to be a function of the solids down-flux, as illustrated in Figure 5 trend is seen, for all particles having been tested, as shown in Figure 6 .
The heat transfer coefficient increases with increasing particle size, although not proportionally. This increasing heat transfer coefficient with increasing particle size is opposite to what is normally measured in bubbling fluidized beds, where the heat transfer coefficient increases with decreasing particle size.
The Relationship between Particle Velocity and Heat
Transfer. The particle velocity is linked to the solid circulation flux, DC , by
Previous research has already indicated that the particle residence time at the wall, which is controlled by the particle Journal of Powder Technology 7 velocity, is a major factor affecting the heat transfer coefficient [16] . This is confirmed by our experiments, as shown in Figures 5 and 6 , although there appears to be a limit of this effect, since the increase of HTC seems to be leveling off at higher values of DC . This is probably due to the achievement of a steady state downflow in the downcomer, and by the maximum discharge rate of the downcomer, as demonstrated in Section 3.
Since the particle velocity can be easily determined from DC , the application of a wall surface renewal model is also possible: similar to bubbling fluidized bed operations [47] , the heat transfer to the wall is assumed to be determined by a surface renewal, combined with a heat transfer resistance upon contact, itself being a function of the downflow particle/gas emulsion, with its effective conductivity and film thickness.
The general expression of the surface renewal model [47] determines the heat transfer coefficient in terms of underlying parameters: (i) , , and as far as particle properties are concerned; (ii) ℎ , the heat transfer resistance upon contact; (iii) , the contact time at the surface; and (iv)
, a packing factor of particles at the wall. Consider
In BFB operations, the contact times at the surface are small (0.1-0.5 s), due to the bubble-induced particle mixing. The heat transfer resistance upon contact, ℎ , was experimentally determined as ℎ ∼ 3.2 / sv [47] . In downcomers, the contact times are longer (and determined by DC and DC or ) and of the order of seconds. According to Goossens [48] , the particle suspension film thickness and its film conductivity and suspension residence time within the film are interrelated. The suspension film thickness is generally an order of magnitude or larger than the particle size used in the experiments, as demonstrated at minimum fluidization conditions [49] .
With 6ℎ / ≫ 1, the equation can be simplified to HTC = 6 .
With ℎ ∼ 3.2 / [47], the equation can be solved for any particle size and properties, and by calculating the contact time as
This equation was also developed by Goossens [48] , with = 1.08. Applications of (7) provides a fair but safe value for design purposes. The reasons for the 10% discrepancy can be due to the slightly lower renewal time than predicted, due to an occasional bubble rising up the downcomer. The model equation however demonstrates that the heat transfer coefficient increases with increasing particle size (all parameters of and remaining similar). This increasing heat transfer coefficient with increasing particle size is opposite to what is normally measured in bubbling fluidized beds, where the heat transfer coefficient increases with decreasing particle size.
Comparison with HTC in the Riser
. The values of the heat transfer coefficients in the downcomer are, while lower, not considerably lower than those in the riser [15] . In the riser, the highest heat transfer coefficient is in the lower section where the solids suspension density is high (but without significant dense phase buildup). The heat transfer coefficients in most of the sections of the downcomer and the riser under the similar operating conditions are similar.
Conclusions
The wall-to-suspension heat transfer coefficient was measured in the CFB downcomer. The HTC increases linearly with the solids flux. The increasing HTC with increasing solid circulation rate is reflected in an increased surface renewal at the wall. The model predictions and experimental data are in very fair agreement. The model expression can hence tentatively predict the influence of the dominant parameters of heat transfer geometry, solids circulation flow, and particle characteristics. 
